PURPOSE. This study was designed to investigate the expression of matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) during the inception and progression of experimental keratomycosis. METHODS. Scarified corneas of adult BALB/c mice were topically inoculated with Candida albicans strain SC5314 and monitored for disease severity. Infected and mock-infected corneas were compared at 1 day post inoculation (p.i.) with a murine gene microarray. Real-time reverse transcriptase-polymerase chain reaction (RT-PCR) determined MMP and TIMP levels at 1, 3, and 7 days p.i. for infected, mock-infected, and normal corneas. Immunostaining localized target proteins at 1 day p.i. RESULTS. Eyes inoculated with C. albicans developed corneal infection with a mean clinical score of 8.2 Ϯ 0.8 at 1 day p.i. Compared to controls at 1 day p.i., MMP-8, -9, -10, -12, -13, -19, and TIMP-1 were significantly upregulated from fivefold to 375-fold by microarray and from threefold to 78-fold by realtime RT-PCR. Upregulated MMPs and TIMP-1 in the corneal epithelium and stroma of infected eyes correlated with the influx of acute inflammatory cells. Neither MMP-8 nor -13 expression was affected by mechanical trauma, but both increased Ͼ100-fold during the week after the onset of fungal keratitis. TIMP-1 expression rose from 21-fold more than controls at 1 day to 46-fold at 7 days p.i. by RT-PCR. CONCLUSIONS. Transcriptional and translational levels of MMP-8, -9, -13, and TIMP-1 increase during the early stages of C. albicans keratitis, confirming findings for MMP-9 and TIMP-1 in other infectious keratitis models and suggesting roles for MMP-8 and -13. (Invest Ophthalmol Vis Sci. 2009;50:737-742) 
F ungal infections of the eye are epidemiologically important diseases. 1 Fungi such as Candida albicans that are commensals in the conjunctival flora 2, 3 can become pathogenic with ocular surface injury or dysfunction. Ophthalmic candidiasis is an opportunistic infection of the eye acquired through trauma, surgery, contact lens wear, and chronic keratopathy. 4 A murine model of experimental keratitis using a human isolate of C. albicans to induce corneal infection is helpful in understanding the pathogenesis of oculomycosis. 5, 6 A key early event in posttraumatic C. albicans keratitis involves fungal morphogenesis and invasion that trigger inflammatory and wounding responses. 7 We used this model to examine matrix metalloproteinases (MMPs) in the development of keratomycosis.
MMPs are proteolytic enzymes involved in multiple physiological and pathologic processes. This family includes collagenases, gelatinases, stromelysins, and matrilysins that are grouped according to their structure and substrate and that are modulated, in part, by tissue inhibitors of metalloproteinases (TIMPs). 8 TIMPs consist of a family of four glycoproteins that inhibit MMP activation or activity. TIMPs differ in their affinity for various MMPs; for example, TIMP-1 prevents activation of MMP-9 and can bind to the catalytic site of MMP-9 and other MMPs. Coordinated actions of MMPs and TIMPs are pivotal in maintaining structural homeostasis, and altered regulation disrupts connective tissue integrity through degradation of the extracellular matrix. 9 Determining the roles of MMPs in infection and inflammation may lead to new opportunities for controlling corneal ulceration. 10 Changes in MMPs occur after corneal trauma and during corneal infection. [11] [12] [13] MMP-9 increases in acute Pseudomonas aeruginosa keratitis and potentiates the severity of bacterial keratitis by degrading corneal stroma and by stimulating the release of proinflammatory cytokines and chemokines that attract polymorphonuclear leukocytes. 12,14 -16 Studies of experimental and human fungal keratitis have also found increased levels of MMP-9 during corneal infection by yeasts and filamentous fungi. [17] [18] [19] [20] Hypothesizing that MMP-9 and other MMPs contribute to the initial manifestation of keratomycosis, we systematically examined the expression patterns of 18 MMPs and 4 TIMPs in murine C. albicans keratitis.
MATERIALS AND METHODS

Fungi
C. albicans strain SC5314 is a clinical isolate capable of producing experimental keratomycosis. 5, 21 Yeasts were grown on glucose-peptone medium (Sabouraud Dextrose Agar; Difco, Detroit, MI) for 3 days at 25°C. Colonies were harvested and diluted in sterile phosphatebuffered saline (PBS) to yield 2 ϫ 10 5 colony-forming units/L based on optical density (OD) at 600 nm, using a conversion factor of 1 OD 600 unit equal to approximately 3 ϫ 10 7 CFU/mL.
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Animals
Naïve female BALB/c mice 6 to 8 weeks of age (Harlan Sprague-Dawley, Houston, TX) were anesthetized intraperitoneally with rodent combination anesthesia, and the corneas of the right eyes were superficially scarified. 6 A 5-l inoculum (1 ϫ 10 6 CFU) of C. albicans was applied to the scarified cornea, while sterile PBS dilution buffer was applied to scarified corneas of mock-infected controls. All animals were treated in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and the protocols were approved by the Baylor College of Medicine Institutional Animal Care and Use Committee. Mice were monitored daily for up to 7 days post inoculation (p.i.) using a dissecting microscope to determine the severity of keratomycosis by criteria that assigned grades of 0 to 4 for inflammatory area, density, and surface irregularity, respectively. 6, 7 Mice were killed 1, 3, and 7 days p.i., and eyes were enucleated for analysis. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
RNA Extraction
Corneas were dissected from freshly enucleated eyes, and surrounding conjunctiva, Tenon capsule, uvea, and lens were removed. Five-cornea pools randomly grouped were prepared in triplicate from C. albicansinfected and mock-infected control animals at days 1, 3, and 7 p.i. and from normal unmanipulated mouse corneas. Total RNA was immediately extracted (RNeasy MicroKit; Qiagen, Valencia, CA). Samples were treated with DNase (Qiagen) to exclude DNA contamination and stored at -80°C until use.
Gene Microarray
Microarray analysis was performed in the Microarray Core Facility of Baylor College of Medicine. Microarray protocols (Affymetrix GeneChip, Santa Clara, CA) were applied to all qualified samples for two cycles of amplification (Affymetrix Two-Cycle Kit) that included the standard primer protocol (Affymetrix T7 oligo) followed by reverse transcription with a kit (MegaScript; Applied Biosystems, Foster City, CA) to produce cRNA. The unlabeled cRNA product was used as template for a second cycle of amplification. The double-stranded cDNA end product was processed with an in vitro transcription kit (Affymetrix) to produce biotin-labeled cRNA that was quantified with a spectrophotometer (ND-1000; NanoDrop Technologies, Wilmington, DE). A hybridization mixture containing spike-in controls and fragmented labeled cRNA was loaded onto an array (GeneChip). The array was hybridized overnight, then stained with a streptavidin-phycoerythrin conjugate. After signal amplification with biotinylated antistreptavidin, stained arrays were scanned on a GeneChip Scanner 3000 (Affymetrix), and raw signal intensity data were adjusted and analyzed with BioConductor software. The criterion for significance of differentially regulated genes was established as more than a twofold change with adjusted P Ͻ 0.05.
Reverse Transcription and Quantitative Real-Time RT-PCR
Total RNA isolated from corneas at 1, 3, and 7 days p.i. was quantified by absorption at 260 nm. The first-strand cDNA was synthesized from 0.4 g of total RNA with beads (Ready-To-Go You-Prime First-Strand Beads; GE Healthcare, Princeton, NJ) and random hexamers (Applied Biosystems). Real-time PCR was performed using assays (TaqMan Assays and TaqMan Gene Expression Master Mix and Assays; Applied Biosystems) with primers specific for the various MMP and TIMP transcripts (Applied Biosystems). The threshold cycle (C T ) for each target mRNA was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA and averaged. Normalized C T results were used to calculate gene expression levels, and mean results were used to determine relative fold changes between experimental groups. Twogroup comparisons were done using the Student's t-test or MannWhitney rank sum test. Three-group comparisons used one-way analysis of variance (ANOVA) or Kruskal-Wallis analysis of variance on ranks. For kinetic analysis of MMP and TIMP transcriptional levels, mean results were compared with ANOVA applying the Holm-Sidak method for pairwise multiple comparison procedures. P Ͻ 0.05 was considered statistically significant.
Histology and Immunostaining
Eyes from mice 1 day p.i. were embedded in OCT compound (Sakura Finetek, Torrance, CA) and snap-frozen in liquid nitrogen. Frozen tissues were sectioned on a cryostat at 15-m thickness and processed with Gill hematoxylin and eosin or periodic acid-Schiff (PAS) stains (Sigma-Aldrich, St. Louis, MO).
For immunofluorescent staining frozen corneal sections were thawed, dehydrated, and fixed in 2% paraformaldehyde at 4°C for 10 minutes. Sections were blocked with 10% normal donkey serum (Jackson ImmunoResearch Laboratories, Philadelphia, PA) in PBS for 1 hour to decrease nonspecific binding. The following primary antibodies were diluted 1:100, applied to the blocked sections, and incubated overnight at 4°C: polyclonal rabbit antibody MMP-2 (29575, AnaSpec, San Jose, CA), MMP-8 (29578, AnaSpec), MMP-9 (AB19016, Millipore, Billerica, MA), and TIMP-1 (sc-5538, Santa Cruz Biotechnology, Santa Cruz, CA), or goat antibody MMP-13 (sc-12363, Santa Cruz Biotechnology). Secondary Alexa-Fluor 488-conjugated donkey anti-rabbit or antigoat (Invitrogen, Carlsbad, CA) antibodies were then applied and incubated in a dark chamber for 1 hour at room temperature followed by washing and counterstaining with propidium iodine (Invitrogen) in gel (Gel/Mount; Biomeda, Foster City, CA), and a coverslip was applied. Sections were observed with a laser-scanning confocal microscope (LSM 510 with krypton-argon and He-Ne laser; Zeiss, Thornwood, NY) with 488-and 543-nm excitation and emission filters (LP 505 and LP 560). Images were acquired with a 40ϫ oil-immersion objective and processed using Zeiss LSM-PC software. secondary antibodies were applied and incubated, followed by reagent (Vectastain Elite ABC Kit, Vector Laboratories, Burlingame, CA). The samples were incubated with diaminobenzidine (DAB) as a chromogen (Vector Laboratories) followed by counterstaining with hematoxylin. Sections were dehydrated, coverslipped, and photographed with an epifluorescent microscope.
RESULTS
Experimental Fungal Keratitis
All eyes inoculated with C. albicans developed clinical signs of keratitis (Fig. 1) . Corneal inflammation began 1 day p.i. (mean Ϯ SD score, 8.2 Ϯ 0.8), peaked 3 days p.i. (score, 9.0 Ϯ 0.8), then diminished by 7 days p.i. (6.6 Ϯ 0.6). No significant differences occurred among daily severity scores at 1 day, 3 days, and 7 days p.i. No inflammation was found in eyes from mock-infected controls. Histopathologic evaluation of infected eyes revealed partial loss of epithelial integrity and acute inflammatory cells invading the stroma and anterior chamber. PAS staining showed pseudohyphae and hyphae invading into the mid to deep stroma.
Gene Expression Profile of MMPs and TIMPs
Gene array analysis of C. albicans-infected corneas (n ϭ 3 five-cornea pools) and mock-infected control corneas (n ϭ 3 five-cornea pools) on day 1 p.i. detected 18 MMPs and 4 TIMPs ( Table 1 ). Compared to mock-infected controls, the normalized signals of 6 MMPs (MMP-8, -9, -10, -12, -13, and -19) changed significantly in infected corneas on day 1 p.i., with MMP-13, -8, and -9 demonstrating relative increases in infected-mock ratios of 375-fold, 102-fold, and 74-fold, respectively. TIMP-1 was upregulated 22-fold while TIMP-2 and -3 were downregulated twofold and threefold, respectively. Transcript levels detected by quantitative real-time RT-PCR for five-cornea pools of infected or mock-infected corneas (n ϭ 3/group) were consistent with microarray findings for upregulated genes ( Table 2) . Whereas MMP-2 was not significantly downregulated based on microarray methodology (P ϭ 0.38), real-time RT-PCR found a twofold downregulation (P ϭ 0.01) in C. albicans-infected corneas. Table 3 shows the average real-time RT-PCR C T values among the three experimental groups of corneas.
Protein Expression Pattern of MMPs and TIMPs
The in situ protein expression pattern determined by immunofluorescent staining and immunohistochemistry were consistent with transcript levels measured by real-time RT-PCR (Fig. 2) . Mock-infected corneas demonstrated moderate epithelial staining and minor stromal staining for MMP-8, -9, -13, and TIMP-1 while corneas from infected animals had increased staining for these proteins throughout the epithelium and stroma. MMP-2 staining was primarily localized to the epithelial layers in infected and mock-infected corneas. Negative controls in which no primary antibody was used demonstrated no detectable staining in immunofluorescent or immunohistochemical assays.
Kinetic Analysis of MMPs and TIMPs
Real-time RT-PCR was conducted on total RNA extracted from five-cornea pools (n ϭ 3/group) for C. albicans-infected and Triplicate samples of five-cornea pools of normal, mock-infected, or C. albicans-infected corneas at 1, 3, or 7 days p.i. with mean threshold cycle number Ϯ SD normalized to GAPDH by real-time RT-PCR.
IOVS,
February 2009, Vol. 50, No. 2
MMPs in Keratomycosis 739
mock-infected at 1, 3, and 7 days p.i. and in normal, nonscarified corneas (Table 3) . MMP genes that were upregulated on day 1 p.i. remained elevated relative to levels in mock-infected corneas (Fig. 3) and, except for MMP-9 and -10, relative levels were higher at day 7 than on day 1 p.i. Comparison of MMP and TIMP transcript levels in mock-infected corneas and in normal corneas (Fig. 4A, B) and comparison in infected corneas and normal corneas (Fig. 4C and 4D ) revealed that transcript levels declined toward baseline levels.
DISCUSSION
Metalloproteinases are part of the cornea's response to injury and infection, 22, 23 and these proteolytic enzymes are intimately involved in the onset and outcome of fungal keratitis. Findings from microarray, real-time RT-PCR, and immunostaining showed that MMP-8, -9, -10, -12, -13, and -19 were substantially upregulated in C. albicans-infected corneas compared with controls. By inciting inflammation and disrupting corneal structure MMPs affect the course of keratomycosis.
Leukocyte-derived metalloproteinases that are involved in fungal keratitis include a collagenase (MMP-8), gelatinase (MMP-9), stromelysin (MMP-10), and elastase (MMP-12) that are released from polymorphonuclear leukocytes or macrophages soon after microbial inoculation. Our study confirms that MMP-8 and -9 have increased expression in fungal keratitis and suggests that these MMPs signal leukocyte extravasation and chemotaxis. 18 MMP-2 did not increase, consistent with previous findings in P. aeruginosa keratitis and Fusarium solani keratitis. 14, 19 MMPs that are part of the innate immune response mediate the initial reaction to microbial keratitis.
MMPs can also be released by corneal epithelial cells and keratocytes to potentiate the degradation of corneal epithelial basement membrane and stroma that occurs with fungal adher-FIGURE 2. Molecular expression patterns in situ in C. albicans keratitis (Infected) or mock-infected controls (Mock), using monoclonal antibodies against selected MMPs or TIMP-1. Negative controls included no primary antibody (Control). The two left columns were stained using indirect immunofluorescence in which a cyan-green labeled secondary antibody was used along with propidium iodine as a nuclear counterstain. The two right columns were stained using an immunohistochemistry protocol in which diaminobenzidine was used as chromogen and hematoxylin as counterstain.
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IOVS, February 2009, Vol. 50, No. 2 ence and invasion. MMP-9 increases immediately after superficial corneal wounding, 13 and fungal infection perpetuates its upregulation. MMP-9 may also promote necrotizing inflammation and neovascularization with progressive corneal infection. 10, 11, 24 Inhibiting the expression and activity of MMP-9 might reduce corneal destruction and angiogenesis caused by infectious keratitis. 
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MMP-13 expression is an early corneal response of corneal cells to fungal exposure, and its expression rises over the week following exposure. This interstitial collagenase influences corneal reepithelialization and stromal thinning. 26, 27 By digesting collagen and proteoglycan, MMP-13 may be involved in reparative processes of ulcerative keratomycosis.
MMP-13 appears to have a role in fungal keratitis independent from scarification, but corneal trauma affects the differential expression of other MMPs. Superficial scarification increased the expression of MMP-9 and -10, and fungal infection augmented their upregulation. Compared to normal eyes, MMP-1 was upregulated the day after scarification but was not further affected by fungal infection. MMP-19 was slightly downregulated by scarification, but its expression more than doubled when injury and infection were combined. Posttraumatic microbial keratitis involves an interplay of inflammatory and wounding responses.
Corneal homeostasis depends on interactions between MMPs and TIMPs. Adequate TIMP expression dampens undue damage of the corneal stroma during infection. 16 TIMP-1 is rapidly upregulated during C. albicans keratitis, somewhat faster than in P. aeruginosa keratitis.
14 Though increased by corneal trauma, the expression of TIMP-1 is amplified by fungal infection within one day to Ͼ20 times that of scarified controls. The expression of TIMP-2, -3, and -4, on the other hand, was mildly downregulated or unchanged. Efforts are underway to study whether MMP or TIMP antagonists could alter the cornea's susceptibility to infection or dampen the severity of microbial keratitis. 28 In summary, the pathogenesis of C. albicans infection begins with adherence of yeasts to the traumatized mucosal surface followed by a morphogenic transition to invading hyphae. 29 Early in the course of candidiasis, C. albicans induces tissue and inflammatory responses with upregulation of certain metalloproteinases. 30 MMP-9 and other MMPs may contribute to ulcerative keratitis and facilitate fungal growth and extension. 20 By understanding the molecular processes of mycotic keratitis, antifungal drug discovery efforts can explore new compounds that interreact with specific mediators involved in the initial stages of fungal infection.
